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A siuple rmn dlmnnnl mnl fiber-matrix intezphase model baa b een developed 
and analytical results obtained correlated veil with available experimental 
data. It was found that by including the intacphase bet w ee n the f ibe r and 
matrix in the modal, such batter l oca l , stress re s u lts were obtained than with 
the model without the intacphase. A more sophisticated two-dimensional 
nicraDidMlori modal - lwliadMi tbfe 4 nf^mh ai^ nccMortlM w also 

developed. Both raw dimensional end two-dimensional models were used to study 
the effect of the iafcacphosa prope r ties on the local stresses at the fiber, 
intacphase and matrix. Roam this study# it was f ou nd that intacphase modulus 
and thickness have significant influence on the transverse tensile strength and 
mode of failure in fiber reinforced ocnposites. 


TAii directional, fiber reinforced ocnposites have a very low transverse 
tensile strength. This strength, in general, is such lower than the strength 
of the pure matrix and limits tbs performance of the oonposite system. The 
transverse tensile strength of a oonposite is dep end e n t upon the fi b er-matrix 
interfacial bonding strength, matrix stren g th , transverse fiber strength and 
stiffness ratio between fiber and matrix, etc. Jteterial defects such as voids 
in tbs matrix, broken fibers, mdcnoccadks and fiber-matrix disbonds will 
deg r ade tbs transverse tensile strength of oosposite materials. Conventional 
analysis methods (Refs. 1-3), which trust the fiber end matrix as two phase, 
h o m o g eneous and isotropic materials, provide ways to predict the transvsrae 
tensile strength of tbs oosposit e, but the co rr el at io n be tw ee n these analytical 
results and test results is not satisfactory. 

Recently, several reeaemhera (Refs. 4, 5) have suggested that the volume 
of matrix material immediately s ur r ounding the fiber is significantly di ff erent 
from the bulk matrix. This volume of material is commonly r eferred to as the 
intacphase. It is believed that the interphase, though small in thickness, has 
significant effect on tbs strength and fr ac tu re toutfmess of the oo nposi te. To 
verify this concept, these authors (Ref. 4) have developed aicscmschaaical 
models which treat tbs fiber reinforced oonposite as a t h ree p h ase material; 
namely, fiber, intacphase and bulk matrix. Through the analysis of the 
mcLccodsbouding problem, it has beam aAmmn that the modal including an 

between fiber and matrix provides a much better prediction of 
dabonding loads than the model without the intacphase. 
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The repeating unit to bo modeled which includes the interphase is shown in 
Figure 2. The basic conc e pt for the on e dimens i onal model is shown in Figure 
3. The m aterial response to the eKternal transverse tensile stress, or*, can be 
approximated by the response of a one-dimensional series «pH"g system. 


In the region consisting of fiber, interphase and matrix, there will be 
three dist in ct stiffnesses corresponding to each constituent, m the region 
consisting of interphase and matrix, there will be two distinct stiffnesses 
corres p onding to interp h as e and matrix. At the region Z > R + ti, there 
will be only one stiffness, namely, stiffness of matrix. From the basic 
concept, we can conclude that 


C7 f = CTi = CT m = C L 

0 < 

Z < R 

a m * a i * a L 

R £ 

Z £ R + t ± 


(5) 


where Of, Gi, Om ■ stress in the fiber, interpbase and matrix respectively 


ct l = local stress 

B aaed on this concep t , tbs local stress at three regions can be derived as 
follows: 


(1) 0 £ Z < R 


This region i n cl u des three phases; namely, fiber, matrix and interphase. The 
total dis pl a cement , as shown in figures 2 and 3, at x ■ L, can be written as 

U=€f*AB+€£ • BC+Cjh' CD (6) 


€f = strain in the fiber 
= strain in the interphase 
fijj = strain in the matrix 


Divide both sides of e qu a t ion (6) by L. We have 
e T = e f *f + € i *i + Sn (1" “ *i) 

From Reference 8, we have 



(7) 
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( 8 ) 


k* = 1- kf - ki 

v f * volume fraction of the fiber 


ei “-£ 

«in “ <*■ 


( 9 ) 




Substituting equation (9) into (7) end mJdag use of equation (5), the local 
i, oiii in this reaian can be aenrsesad aa follows 


cx L « e T 


+ *L + (1-kf-ki) 

~EZ T37 


( 10 ) 


(2) R £ Z £ R + 

■!*»■ region mcxuoas matrix am interphase. The total 
in figure 2, contributed from these constituents can he written as follows: 


U =■ • EF + Cjjj • PG 

Divide both sides of equation (11) by L, ws have 
«T " € i ki + (1 “ *i) 


( 11 ) 


( 12 ) 


By this saan token, the local stress, cl# in this region 


(13) 

be written as 
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only. War the sans token, the local 
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If ct is known, then the local stress, ol, can be obtained from equations 
(10), (14) and (15) for the cacrsqponding region. 


In the case where only the applied transverse tensile stress, ot, is known, 
then equation (3) will be used to obtain the local stress. 


reference 8, the local stress, Ol, can be 


as follows: 


°L ~ °T 


a L “ a T 


[1- kf (1- VEf) - k* (1- VEi)] 

0 ^ Z < R 

1 


[1- ki (1- V 2 !)] 


°L “ °T 


Em L 


R £ Z £ R + 

R + t A < Z < L 


dz 


[1- ki (1- Ej/Ei) - kf (1- V%)] 


R + 


dz 


[1- (1- VE±) *l] + L -(R + t A ) 


Equation (19) can be solved through 


S.C.F. = stress concentration factor = 

°T 


(16) 

(17) 

(18) 


(19) 

( 20 ) 


Making use of equations (16) through (20), 
in the ocnpoeite material. 


can obtain S.C.F. at ary location 



Tbs basic co nce pt, which was arginafced from r e ferenc e 2, will ba adopted 
in ♦■**<« paper as sh own in Figure 4. At solution procedure can ba divided into 
two pacts. Gob is to solve the tmo-dimansianal plana strain problem with 
U ■ A TJ at x ± L, and V - f, at 2 - ±L; the other is to solve the two- 
iWiii«w 4 « — l plans strain problem withy * A V at 2 « t L r U ■ 0.0 tt x ■ 

± L. Tbs £inal solution will ba tha linear oonfainafclon of these two solutions 
so ttmk rnymtiaoM (3) and (4) will ba met. lbs detailed derivation is in 


Only one quadrant of the circular fiber cross section end the surrounding 
< aba tpfae is ami matrix material needs ba analysed doe to eposaatry. The finite 
aodal need in this study is dbown in Figure 5. Tbs mash refinement at 
the fiber-matrix region is evident. The 'ABAQOS' ocwputar code ms 

used to solve this two-dimensional plane strain problem. 


YftLZEMCXCN OF MBUOTICAI, UEEBJOS 

m this analysis, it is aspseed that an Individual point failure 
immediately onuses failure of tie vdwdLe material. No reoo g pia a that, depending 
upon the failure locations and the prope r ties of the constituents, this 
sssusption ssy not ha true. Yet the pvaourma of an individual point failure 
suggest# failure of the whole material and provides a conservative predi c t i on. 
A — admm \ normal stres s failure criterion will be used to determine the failure 
of the ixf&vidual po&at in the xmtarial. According to this criterion, fracture 
is aenmmd to have occurred if any one of the three p rincip al stresses at this 
individual rerrti the ultimate strength of tbs corre spo nding constituent. 


VftUOtinDCN 


The ocnpariaon between the theoretical and eoverimental transverse stress 
di shown in Figure 6. The test-theory correlation for the iwnrtniin 
stress ocnosntrafcicn is shown in figure 7. 

Tbs test data (taf . 1) ware obtained from t ra ns v e rse te n si l e lo a d i n g tasts 
on plates containing inclusions iab a ddsd in epcwy resin. As shorn in 

figure 6, both ivm iHmsneimsI tbaorias, with and wit h out inberphaae, provide 
m oc u r at e predictions as oospsxed with test data. Tha modal including 
inber phaae predicts better results than the modal without intarpfaase. Matching 
analytical results to test data requires th a t the int e rphaaa modulus ba seven 
times — u»r than matrix modulus and tha interphase thickness fas about 1.5 
p e r ce nt of the radius of the fiber. 

Figure 7 shows tbs t ransvers e tensile stress, which occurs at 

2 ■ 0.0 as a function of the volume fraction of the fiber. Both one- 

dimanaional «-* jgg provide vary good predictions. Tha interpfaasa modulus and 

till rlmsas are mammm d tha amna far all fiber volume fractions. As shew n in 
Figure 7, tha laduaian of the inhangbeae in tha modal does not same to provide 
better results than tha modal withootintagphaaa for VF - 0.65. This is 
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h aoaue e a* Vf increases the plena strain c o n di t ion 'h e ccraas mace evident. The 
on e dimen s ional modal does not include the effect of the plane strain 
condition, m the next s e ct i o n, it can be seen that the two-dimensional modal 
Including the interphase provides much better res u lts than the two-dimensional 
m od el without interphasa. 

Another example to verify the accuracy of the nrm iHmnnni ««»i thaocy is 
shewn in Figure 8. The test data were obtained from Reference 9. The 
correlati o n b e t w e e n analytical results and test r esul ts is reasonably good. 
Since most test data is above the curve withBa/Ei ■ 1.0, this may 
suggest that the inteqihase is a soft interphase. 


VALIDATION OF 


The seme ccnpoeite as sheen in Figures 6 and 7 is modelled, with the «■»»» 
interphasa modulus and thickness as used in the nrm dimensional modal. The 
ccuparison b e tw een the theoretical and eagperi mental transverse stress 
distribution is shown in Figures 9 and 10. The test -theory correlation, for 
iwwHnum transverse stress is shown in Figure 11. Again, as shown in figures 9 
and 10, both two-dimensional models predict good results as ocB pat e d with the 
test data. The two-dimensional model with interphasa predicts better results 
than the m odel without interphasa. Figure 11 shows the merit of the two- 
dimensional modal. By using the seme interphase modulus and thickness as used 
in the one-dimensional modal, the two-dimensional modal with interphasa 
predicts the bast results among all models. 


OGMBARXSGN OF CNB-DDSNSXGNAL AND TOD-DIMBBXONAL RESQUXS 

Table I shows the stress co n ce ntr a t i on factor of the composite, with 
E£/Em ■ 21.3, Vf = 0.65, ti/R » .015. The agreement between the one- 
dimensional model and two-dimensional modal is amoellent. 

Fran the above oaeparisens, we conclude that the aa e model is 

accurate enough to be used to predict the local atrasa of the oauposite under 
transverse loading. Also, tbs one dimen s ion al modal can be used as a first 
approximation to estimate the interphase modulus and thickness. By usiiv an 
iteration s ch e me and two-dimensional analysis, ac c urat e interphase modulus 
thickness estimates of ths ccnpoeite can be obtained. 


AFPLXCAXZGNS 

The one dimensional modal has been verified in the previous section as an 
adequate modal to predict the local stress of ths ocupoeite. unless otherwise 
noted, ths following analyses are baaed on theory. 

Effect of Interpbsse Moduli end Thickness an Stress Concentration 
Factors of the Composite 

Equation (16) was used to calculate ths stress co n ce n t r ation factor at 
Z ■ 0, for various &n/Ei and ti/R. Figures 12 and 13 show the results. 
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Effect of Ef/Em aad Em/Si an t ha Maximum Strata Concentration Factor 
of t ha Ganpoaitm 


warn Figure 14# ana on am that the hitfmr the K£/R», the larger the 
streee conaatottiop for all kinA of i ill aiitnanii. Bat/ tha degree of influence 
ia decreased aa tha i nterph ass b aoc — a aoftar. 


Tha Shift of tha Critical Location and the Optimal Intarphaaa 
(or Coating) 


■wt-i/wi (16). (18) aad (19) warn used to calculate tha atraas 

fact o ra etB - 0.0 and R + ti £ 8 £ L, tha BaaOti use fw w n in 
FlgarelS. 0-0* i m .111 sanits Tim line Z ■ 0# Ailed - 90* xegroeants line X -0.0 
eadR + ti £ X iLl« one oan aee from this figure/ curve (S.C.7. ) 0 ■ 0* aad 
(S.C.F.)e - 90 * interreact ate fe/Si - (WSi)c end 

(S.C.F.)g „ 0 . k (S.C.F.)e » 90 *, to V*i * tV E i)c 

(S.c.F.)e = 0 * £ (S.c.F.) e , 90 ^ far * (V^c 

Also, tha two-dinensicnol analysis shows that far Rs/Ei a (Rm/Bi)c 
<j*“l oocure at '•hr aa Acme in Figure 10/ Ante fran Re f e r e n ce 8, 

(Ra/Xi)c oan be eacrasaadas f o U o we 

(VEi) c “ 1 *° + C 1 ” 3/<ty*) (21) 


the treneiticn of tha critical l ocat i o n . Fran e qu a tion (21), ana oan co nclu d e 
that (1) failure All occur at 0 - 0*, if WU £ lie/ (2) for Rn/Ki £ 

CS«/*i) c, failure All occur A 0-90* and S - R + tdl (3) for R»/K± - 
(WRi) or f ailure AH o ccur at 0 - 0* and W* cAiTtmiafii eiy . giguro l fi ^ 

evident that a^ SroT ** "°*^oAtioir* 

atreaa I*-™*-*™* factor far veAoue infceqphaee tbidk naaeea . Curve abed 
oonatiteutea the gp **— l inteerpbaae for the o e w po ei te Ath fiber volune f ra c t i o n 
equal to .05 and*£/S» - 25.0. For earrin g fibjAae fraction/ thaourvee 

doAgn tha intaesfanee or ooeting to An wdnn transverse teneile 

trraeveree «*»~«^>» — om pa r e d Ath the t renev e re e teneile stxsngA of 

the oenposite Athaut inteaaAmee for various fiber volinw fractions. It oan be 
aeon that the trane v e rro teneile strength/ for the ooeposite AA 
Kf/Vn - 21.3 and ti/R - .0285, oan be increased as much ae 43%, 38% and 
34% far Vf - . 65, .57 and .502 rgeperf lvely. 


effect of Interphase Properties on the Transverse Failure Modes of the 
Composite 


O ps - opal updrij c wp jy*4" datset t hi loo i tl op of faiJLuxs bscauss ths 

tzsDSWM uosilt itrofli is aiiucsd to bt tbs m in ^ fiber, 
interphase and matrix at ocnatant Z and any x as e x pre s se d in equation (5) . 

For this purpose, the tmo-diaansional model must be used. Figure 20 shows the 
stress di in tbs sod natrix it z * 0 ss i f unct ion o£ 

interphase modulus. As shown In this figure, the assumption that the stress at 
tbs snstrix intiqplsil is foor g a s dln soa icoal tbsocy is a tp TO K jjsafca 1 y 

co rre c t . Also, for 1.0 £ le/Si ^ 5.0, the local transverse tensile stress in 
tbs matrix is bicrihoor tbsn in tbs intsccobass* ttuit in tbis repo s - 
cracking is the failure mode* Far 5.0 < Em/Si, the stress in the interphase 
oar i nt er f ace is Mtf 1118 * tbs stress in tbs rotrb c> Hfaus# in tbis nogo, 
failure will occur either in tha interphase or at the interface. Based on this 
idea, one can obtain the critical stress co n ce n tration factor and failure mode 
off tbs rnrprmAf d ^ pf * function of i abaep hass sod thickness as pty-i in 

Figures 21 and 22. 

Notice that the above results are b a s ed on the assumption that the 
strength in matrix, interphase and i n te rf ace is the same, xf the tensile 
strength of the matrix and intsrphawe (or coating), and the disbonding strength 
of the interface are known, than similar design cur ves ae shown in Figures 21 
and 22 ***** also Ids pocoduosd to tbs t ren svsrss tans! Is strength, and 

the failure mode as the function of interphase modulus and thickness. 


CONCLUSIONS 

interphase thickness and modulus have significant influence on the trans v e r se 
tensile strength of unidirectional fiber reinforced oonpoaitea. A soft 
interphase is khown to reduce tbs stress co n ce ntr ation factor, bancs incre asing 
tbs trensvares tsnslls strenotb of oGnoosita* Xa oria g to * 11 1 imm 
transverse tensile strength of a oanposite, the interphase modulus should be 
dscreassd and/oac tbs tbLdknsss of tbs intsepbass bs lxcreasad* Bs 

location for imwimvn stress oonosnt r ation factor varies with interphase modulus 
and thickness, hence the mode and location of fail ur e s may be changed by 
changing these parameters. 


Xt Is reoemnoodsd tbafc snodslsr jjadu fls tbs i at seph ass bs 

further developed for coapoaltes with initial microcradks or fiber-matrix 
disbonds. Tbsss npdsls **** 1 bs ussd to dstsasilMis (1) tbs tressvaras taosi Is 
strength of the oenpoeite with existing microcracks or interface disbonds, (2) 
the effect of the interphase (or coating) on the fracture resistance of the 
coaposite, (3) tha favorable failure mode (or failure location) by adjusting 
i at arphase pccptttiis so tbs creek p irop a gatiott cm, bs arrestsd or tlfwatl 
down. Also, we remw a and that elasti c -plas t i c matrix and interphase behavior 
should be included in the mjer nm a chitnioal models to determine the '’«""*** ~»* 
effects of inteopbaae and material nonlinearity of the matrix on tha transverse 
tensile strength of the oenpoeite. 
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Mia I - Qgqparloou of l-D and 2-0 Analytical Moults 


(Ef/Em = 21.3, Vp= 0.65, tj/R = .015) 
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figurs 8 - Two-Ddssnsiooal Unite Hanot Motel 
A^/Ep 

Ef * 10.0 x 10® ps) , Vf-0.31 Vf-0£02 

Ejn- 0.47x10® pal , v m -0.38 



figurs c - Trsnsvrs s Tansils stxsss Distribution 
Along X a lj 1st vs. Qps-Ci— tslopsl ibsory 
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